SUMMARY We studied the effect of atrial natriuretic factor (ANF) on calcium influx and efflux in rat adrenal glomerulosa cells stimulated by angiotensin II (Ang II) or potassium ion, and observed how ANF inhibits the initial and sustained phases of the aidosterone response to Ang II or K + using a superfusion system of dispersed adrenal glomerulosa cells. K + (8 mM) significantly increased Ca + and the inhibitory effect of ANF on aidosterone production were more potent in the superfusion system of dispersed adrenal glomerulosa cells than in the static incubation system. ANF inhibited aidosterone production in both the initial phase and the sustained phase. These results suggest that ANF does not affect Ca 2+ influx or efflux in rat adrenal glomerulosa cells and that the inhibitory effect of ANF must occur after the generation of the Ca 2+ signal in the cells. (Hypertension 11: 433-439, 1988) KEY WORDS * atrial natriuretic factor * aidosterone * calcium influx * calcium efflux A TRIAL natriuretic factor (ANF) inhibits aldo-/ \ sterone production in adrenal glands in vitro A. \ * and in vivo. 1 
"
5 Infusion of ANF lowers plasma aidosterone levels in humans. 6 -7 ANF also has smooth muscle-relaxing activities. 8 -9 The intracellular mechanisms mediating the actions of ANF are still unknown. The calcium messenger system mediates the cellular response to some regulators in these two target cells for ANF, namely, adrenal glomerulosa cells and vascular smooth muscle cells. 10 We examined whether ANF affects the calcium messenger system in adrenal glomerulosa cells. The response of aidosterone production in adrenal glomerulosa cells has two phases (i.e., initial and sustained). The mechanism by which angiotensin II (Ang II) stimulates the two phases differs from those of potassium ion and adrenocorticotropic hormone (ACTH). 11 However, these three secretagogues increase Ca 2+ influx and efflux in the glomerulosa cells.
n " 13 In the present study, we evaluated the effect of ANF on Ca 2+ influx and efflux in rat adrenal glomerulosa cells stimulated by Ang II or K + and observed the time course of the inhibition of the two phases of response, using a superfusion system of adrenal glomerulosa cells. Preparation of Adrenal Glomerulosa Cells Female Sprague-Dawley rats (weight, 180-220 g; Harlan, Indianapolis, IN, USA) maintained on a regular sodium diet (Wayne Lab Blox, Allied Mills, Chicago, IL, USA) were used for the experiments. The rats were killed by decapitation, and the capsular portions of the adrenal glands were separated by incising the capsule and squeezing the decapsular portions. Minced capsular tissues were incubated with collagenase (2 mg/ml) in Medium 199 with Hanks' salts for 30 minutes at 37 °C under an O 2 atmosphere and dispersed by repeated agitation using a pipette. Medium 199 with Hanks' salts contained 1.25 mM Ca 2+ , 3.5 mM K \ 5.5 mM glucose, and 0.2% bovine serum albumin and was adjusted to pH 7.4. The cell suspensions were filtered through a nylon mesh (70 /am pore size) and centrifuged at 100 g for 15 minutes. The cell pellets were resuspended in fresh Medium 199 and used for the Ca 2+ efflux study and the superfusion study.
Materials and Methods
For the Ca 2+ influx study, the cells were loaded onto a 0 to 60% linear gradient of colloidal silica (Percoll, Pharmacia, Piscataway, NJ, USA) solution in Medium 199 and centrifuged at 800 g for 15 minutes to remove contaminating red blood cells, fasciculata cells, and damaged cells. 12 A band containing glomerulosa cells was obtained above a band of red blood cells and beneath the layers of fasciculata cells and of damaged cells or cell debris.
The separated glomerulosa cells were filtered through nylon mesh to remove lipid lumps produced by the cells. After three washings, the cells were reconstituted with fresh media containing 2% bovine serum albumin for the Ca 2+ influx study. These glomerulosa cell suspensions were contaminated with 1 to 3% fasciculata cells, but were almost free of red blood cells and damaged cells. For 13 In short, dispersed adrenal capsular cells suspended in 2 ml of Medium 199 were prelabeled by incubation with 45 CaCl 2 (10 /uCi/ml) at 37°C under O 2 for 60 minutes. The suspension was filtered through 70-/nm nylon mesh and centrifuged at 100 g for 10 minutes. The cell pellet was resuspended in fresh media, and 500 fA of cell suspension (3-4 X 10* cells/ml) was applied to a column containing 0.5 ml of Sephadex G-15. The column was placed in a water bath at 37 °C and perfused at a flow rate of 0.5 ml of media per minute. Two-minute (1 ml) fractions were collected for the measurement of 2+ from unstimulated controls. In some experiments, verapamil (2 x 10~3 M) instead of ANF was superfused to check the effect of the calcium channel blocker on Ca 2+ efflux stimulated by K + . The dead space of the system was approximately 2 ml.
Aldosterone Production in the Superfusion System of Dispersed Adrenal Glomerulosa Cells
The same procedures were followed as described for the Ca 2+ efflux study, except that 500 ptl of cell suspension (1-1.5 x 10* cells/ml) was applied to the column without 43 Ca 2+ prelabeling and that4-minute fractions (1 ml each) were collected at a flow rate of 0.25 ml/min after a 30-minute static incubation and a 30-minute washout perfusion. To observe the effect of ANF on the initial phase of aldosterone response to Ang II or K + , ANF was added to the cells 10 minutes before the start of the stimulation of Ang II (10~9 M) or K + (12 mM) and the infusion was continued during the 30-minute stimulation. In addition, ANF was added 20 minutes after the start of the 50-minute stimulation and continued for 30 minutes to see the effect of ANF on the sustained phase of the response. Aldosterone in each fraction of perfusate was measured without extraction using the radioimmunoassay kit.
Statistical Evaluation
Results are shown as the means ± SE. Statistical analysis was done with analysis of variance, the multiple comparison method by Dunnett, 16 and the TukeyKramer method. Basal and K + -stimulated Ca 2+ influx rates in Medium 199 were the same as in KRBGA buffer (see Table  2 ). As shown in Table 2 creased by adding K + , but it was not modified in the presence of ANF, as shown in Figure 3 + and 10" 9 M Ang II markedly stimulated aldosterone production. ANF (10~8 M), which had been added 10 minutes beforehand, inhibited the initial phase of the aldosterone response (see Figure 4) . The values of aldosterone production after stimulation by K + or Ang II in the presence or absence of ANF are shown in Table 3 . Figure 5 demonstrates that the addition of ANF 20 ttm*(mln) FIGURE minutes after the start of the stimulation with either K + or Ang II caused a rapid fall in the sustained phase of aldosterone production, indicating that ANF inhibits both phases of the aldosterone response. Discussion ANF inhibits aldosterone production in adrenal glomerulosa cells stimulated by the three major regulators (i.e., Ang II, K + , and ACTH) in vitro. l^ ANF also inhibits the increase in plasma aldosterone level in response to the administration of ANG II or KC1 in vivo. 123 Recent studies have shown that the three major regulators of aldosterone production act on adrenal cells through the intracellular calcium messenger system. 
Results

Effect of ANF on
Effects of ANF on
Ca
2+ concentration, brings about the activation of Ckinase. Once activated, this enzyme remains in its Ca 2+ -sensitive state and regulates the sustained phase of cellular response. In the case of K + or ACTH stimulation, an increase in Ca 2+ influx and in cyclic adenosine 3',5'-monophosphate (cAMP) content are the initial major changes. These activate calmodulin-dependent enzymes and A-kinase, respectively. A-kinase is the enzyme responsible for the sustained phase of the response. The difference between the actions of K + and ACTH is thought to be in the relative magnitude of the two messengers, Ca 2+ influx being the predominant one with K + and cAMP with ACTH. One group reported that ANF did not alter the inhibitory effect of Ang II on Ca 2+ fluxes in bovine glomerulosa cells measuring 4J Ca 2+ uptake during the first 15 minutes. 18 In their experimental system Ang II exerted an inhibitory effect on Ca 2+ fluxes instead of a stimulatory effect. They did not study Ca 2+ influx and efflux separately in the early phase of the response. In the present investigation, we studied separately the effect of ANF on Ca 2+ influx and efflux in rat glomerulosa cells after Ang II and K + stimulation. The superfusion system of dispersed glomerulosa cells demonstrated that the aldosterone response to Ang n , K + , or ANF is greater than in the static incubation system (see Table 3 ). For example, the increase in aldosterone production in response to Ang II was approximately 100-fold, while it is only twofold to sixfold in the static incubation system. 1 " 4 The difference 19 Another possibility is that toxic metabolites from the cells and breakdown products in the media that might interfere with the cellular metabolism are continuously washed out. As shown in Figures  4 and 5 , the aldosterone response occurred immediately after the administration of Ang II or K + , and the high output was maintained during the stimulation. ANF inhibited both the initial and the sustained phases of the response.
In 20 They reported that Ca 2+ influx stimulated by Ang II, ACTH, K + , or the dihydropyridine Bay k8644 was decreased by ANF (10~9 M), using rat adrenal capsular cells. In our experiments the adrenal capsular cell suspension contained a large number of red blood cells, damaged cells, and cell debris, so in order to purify the glomerulosa cells and remove potential interference by the other cells it was necessary to use a Percoll gradient, as described by Kojima et al. 12 Chartier and Schiffrin 20 did not purify their adrenal capsular cell suspension, and that may have led to nonspecific effects caused by the other cells or damaged cells. In our experiment the basal influx rate was 0.44 ± 0.03 nmol/min/10 6 cells in Medium 199. These values are not different from those (0.39-0.75 nmol/min/10 6 cells) of Mauger et al. 13 using rat liver cells, as calculated from their results, but they are one order of magnitude higher than those reported by Chartier and Schiffrin (0.053-0.056 nmol/min/10 6 cells). 20 In the Ca 2+ efflux study, the FER stimulated by K + was similar to the FER (1.5) in the experiment performed by Kojima et al. 13 using bovine adrenal cells. On the other hand, the increase in FER caused by Ang II was lower than in their data (3.5-fold). This discrepancy could be attributed to the species differences as they have described between bovine cells and porcine cells. ANF did not modify Ca 2+ FER in our experiment.
The results in the Ca 2+ influx and efflux experiments indicate that the inhibitory effect of ANF on aldosterone production is not caused by interference with the calcium messenger signal and that the inhibitory effect occurs distal to the generation of calcium signal. Recently, Capponi et al., 21 using the quin 2 method, reported that ANF did not affect the transient changes in cytosolic free calcium triggered by Ang II in bovine adrenal glomerulosa cells and cultured rat aortic smooth muscle cells, nor did it alter resting cytosolic free calcium levels. Similarly, Aguilera et al. , n using quin 2 in rat adrenal glomerulosa cells, and Apfeldorf et al., 23 using aequorin in bovine adrenal glomerulosa cells, concluded that ANF does not affect cytosolic calcium. Their results are consistent with ours. On the other hand, Hassid 24 reported that, in culture smooth vascular muscle cells, ANF decreased basal cytosolic free calcium level as well as the sustained increase following the peak after Ang II stimulation. The reason for the discrepancy between these results and those of Capponi et al. 21 is not clear. In conclusion, our results indicate that ANF does not affect Ca 2+ influx or efflux in rat adrenal glomerulosa cells and that the inhibitory effect of ANF must occur after the generation of the Ca 2+ signal in the cells.
